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QUANTITATIVE HISTOCHEMISTRY OF THE PRIMATE SKIN.
V. GLUCOSE-6-PHOSPHATE DEHYDROGENASE AND
6-PHOSPHOGLUCONATE DEHYDROGENASE*
MICHAEL J. C. IM, M.Sc. AND KENJI ADACHI, M.D., Px.D.
Since the existence of the pentose phosphate
shunt of glucose metabolism in the skin was
postulated by Barron et el (1), there have been
reports on the qualitative detections for this
pathway using glucose-C'4 in human (2) and rat
skin (3), the determinations of the intermediates
of this pathway in rat (4) and guinea pig skin
(5), and the evaluations of glucose-6-phosphate
dehydrogenase (6, 7) and 6-phosphogluconate
dehydrogenase activity (8) in human skin. Cyto-
plasmic glueose-6-phosphate dehydrogenase (G-
6-PDH) and 6-phosphogluconate dehydrogenase
(6-PGDH) catalyze the oxidation of glucose-6-
phosphate and the oxidative decarboxylation of
6-phosphogluconie acid, respectively, providing
pentose phosphate and reduced NADP.' Conse-
quently, the carbohydrate components of ribose
nucleic acids are synthesized by means of this
alternative pathway and the products NADPH
may play an important role as a hydrogen donor
for lipogenesis (8) and possibly for keratiniza-
tion (9).
The quantitative studies reported in this
paper show the distribution of these two en-
zymes in the cutaneous organs of rhesus and
stump-tail macaques. Partial properties and the
kinetics of these enzymes have been studied in
epidermal homogenate.
MATERIAL AND METHODS
For the determination of optimum assay condi-
tions and some of the properties of G-6-PDH and
6-PGDH, epidermal homogenates were prepared
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The following abbreviations are used in the
text and tables: NAD and NADH nicotina-
mide adenine dinueleotide, oxidized and reduced
forms; NADP and NADPH = nicotinamide
adenine dinucleotide phosphate, oxidized and re-
duced forms; G-6-PDH = glucose-6-phosphate
dehydrogenase; 6-PGDH = 6-phosphogluconate
dehydrogenase; EDTA = ethylenedinitrilotetra-
acetic acid.
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as described in a previous paper (10). Enzyme
assay was based on the fluorometrie measurement
of NADPH produced by the enzyme reactions.
Assay reagents2 for G-6-PDH consisted of 2 mM
glueose-6-phosphate, disodium salt; 0.3 mm
NADP; 2.5 mx magnesium chloride; 0.5 miss
EDTA; 0.05% bovine plasma albumin; 0.1 mu
2-amino-2-methyl-1,3-propanediol buffer, pH 8.8;
and 5 tl of homogenate (2%) in a total volume of
105 d. Reagents for 6-PGDH were 5 miss sodium
phosphogluconate; 0.3 miss NADP; 0.05% bovine
plasma albumin, 0.1 is Tris buffer, pH 8.8; and
5 tl of homogenate (2%) in a total volume of 105
It1 The mixture for each enzyme was incubated
for 30 minutes at 37° C. After incubation, a 15
p1 aliquot of the assay mixture was added to 1
ml of 0.02 x sodium hydroxide with 1 mar sodium
vcrscnate, and the NADPH formed was measured
in the fluorometer (9).
Quantitative histochemistry for these two en-
zymes was performed on dissected frozen-dried
tissues as described in previous papers (10, 11).
The NADPH standard was replaced by the NADH
standard which contained 1.8 mjtmoles NADH/
tube. Blank tubes without tissues were run simul-
taneously.
RESULTS
The optimum pH ranges for G-6-PDH and
6-PGDH were 8.5—8.7 and 8.6—8.9, respectively;
enzyme activities decreased to about one-half
of the optimum at the physiological p11 (Fig. 1).
Maximum enzyme reaction for G-6-PDH w'as
obtained at substrate concentrations of 1 to 8
mM; optimum substrate concentrations for 6-
PGDH were 4 to 8 mivr (Fig. 2). Optimum con-
centrations of NADP were between 0.25 and
1.1 m for G-6-PDH and 0.3 to 0.55 m for
6-PGDH (Fig. 3). Whereas G-6-PDH activity
was increased about 9% in the presence of 0.5
or 0.1 m EDTA in the reaction mixture, 6-
PGDH activity was increased 9 to 15% with 0.5
to 2 mar of EDTA. The addition of 2.5 m
magnesium chloride resulted in an 8% increase
in G-6-PDH activity; whereas the addition of
up to 10 mar magnesium chloride caused only
negligible increases in 6-PGDH activity. Linear
rates of both enzyme reactions in the above as-
'All chemicals were commercially available and
of reagent grade except 2-amino-2-methyl-l ,3-
propanediol which was practical grade.
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Fie. 1. pH activity curve. The reaction mixtures
as described in the text at different pH's and two
different buffer systems. The broken line stands
for Tris-HC1 buffer (0.1 M); the sohd line, 2-
amino-2-methyl-1,3-propanediol (0.1 is). In the
ordinate the enzyme activity is expressed as the
fluorescence which is the microammeter reading
after subtracting the blank.
6- PG OH
— G-6-PDH
G-6-P, 6-PG mM
FIG. 2. Effects of substrate concentrations. The
assay systems as in the text except for different
amounts of substrates. The solid line represents
G-6-PDH activity; the broken line, 6-PGDH ac-
tlvity.
caques. The distribntion of both enzymes was
similar in both species.
The concentration of G-6-PDH in most tis-
snes was twice that of 6-PGDH, an exception
was the apocrinc sweat glands of the stump-
tail macaque. Higher specific activities of G-6-
PDH (almost double) than 6-PGDH in the
present study are in coincidence with data on
brain tissue (12). High enzyme activities (1.0—
3.3 moles/hr/kg dry wt. for G-6-PDH and 0.4—
1.6 moles/hr/kg dry wt. for 6-PGDH) were
found in the sebaeeous glands, hair follicles,
apoerine glands and mucous membrane of the
lips. The keratin layer of epidermis and dermis
showed practically no enzyme activity. High
specific activities of both G-6-PDH and 6-
PGDH localized in sebaceous glands also coin-
cide with an absolute requirement of NADPH,
one of the products of these debydrogenases, for
lipid and steroid synthesis.
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FIG. 3. Effects of NADF concentrations. The
test systems as in the text at different levels of
NADP.
say conditions occurred up to 25 mffmolcs
NADP/tube (Fig. 4).
The Michaelis constants of G-6-PDH for glu-
cose-6-phosphate and NADIP at pH 8.8 with
epidermal homogenate as enzyme were 5.2 x
10 and 3.7 x 10 and those of 6-IPGDH for
6-phospbogluconate and NADP were 1.9 x
10 and 5.2 x 10, respectively.
The stoichiometrical reactions catalyzed by
both G-6-PDH and 6-PGDH are summarized
in Table I; the results clearly validate the
assay methods used for these two enzymes.
Table II presents a summary of the distribu-
tion of G-6-PDH and 6-PGDH in various parts
of the skin of the rhesus and stump-tail ma-
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FIG. 4. Time course and effect of enzyme con-
centration for G-6-PDH. Nearly identical results
were obtained with G-PGDH. The assay system as
described in the text. The concentrations of en-
zyme (epidermal homogenate) used are indicated
in the figure.
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DISCUSSION
It is noteworthy that there was less enzyme
activity in the cells of the basal layer than in
those in the upper layers of the epidermis of
the sole. This is in contrast with hexokinase
(10), fructoaldolase (11), glyceraldehyde-3-
phosphate dehydrogenase (13), a-glycerophos-
phate dehydrogenase (14), and lactic dehydro-
genase (15), which have stronger activities in
the basal layer. Histochemical studies of the de-
hydrogenase systems in the skin of the rhesus
monkey have also shown that NADP-linked
enzymes, such as G-6-PDH, 6-PGDH and iso-
citric dehydrogenase, have stronger reactions in
the upper layers than in the lower layers of the
epidermis (9). This difference in distribution of
G-6-PDH and 6-PGDH from that of other
NAD-linked enzymes may indicate that the
preponderant pathway in the upper epidermis
is the pentose phosphate shunt. Therefore, it
is possible that the active pentose phosphate
pathway in the upper layers of the epidermis
furnishes the pentose moiety of nucleic acid as
well as a hydrogen ion source (or energy source),
both of which may actively participate in the
process of keratinization.
SUMMARY
The distribution of glucose-6-phosphate and
6-phosphogluconate dehydrogenases in the skin
of rhesus and stump-tail macaques was analyzed
quantitatively with a fluorometric method. Al-
though the specific activity of G-6-PDH was
approximately twice as high as that of 6-PGDH,
the distribution of both dehydrogenases is simi-
lar in the cutaneous organs. High enzyme ac-
tivities (1.0—1.9 moles/hr/kg dry wt. for G-6-
PIDH and 0.4—6.2 moles/hr/kg dry wt. for 6-
PGDH) were found in the sebaceous glands,
hair follicles and apocrine sweat glands. Lower
activities (0.25—0.57 moles/hr/kg dry wt. for
G-6-PDH and 0.13—0.35 moles/hr/kg dry wt.
for 6-PGDH) were observed in the eccrine sweat
glands except for those in the bald scalp of the
stump-tail macaque. The NADP-linked de-
hydrogenases studied here were concentrated
more in the upper layers than in the basal layer
in the epidermis of the sole.
The quantitative distribution patterns of these
two enzymes suggest an active participation of
the pentose phosphate shunt of glucose me-
tabolism in various cutaneous organs.
TABLE I
Stoichiometry of the conversion of qlucose-6-phos-
phate and gluconate-6-phosphate by the
epidermal homogenate*
Experiment no. Glucose-6-phosphate
Gluconate-
6-phos-
phate
NADP NADPH
1
2
3
—52
—105
—98
—52
—97
—103
+50
+95
+97
* Expressed as A m,hmoles/ml reaction mixture.
Both glucose-6-phosphate and gluconate-6-phos-
phate were measured by NADP-linked dehydro-
genase reactions, respectively. The G-6-PDH
was from a commercial source in crystalline form,
and 6-PGDH was purified approximately ten times
from erythrocytes.
TABLE II
Glucose-6 -phosphate dehydrogenase and 6-phos-
phogluconate dehydrogenase activities in
various cutaneous organs*
Scalp
Epidermis
Hair Follicle
Eccrine sweat
gland
Apocrine sweat
gland
Sebaceous gland
Dermis
Sole
Keratin layer
Granular layer
Prickle layer
Basal layer
Eccrine sweat
glands
Dermis
Lip
Mucous mem-
brane, upper
Mucous mem-
brane, lower
Sebaceous gland
G-6-PDH
Rhesus Stump-tail
* Enzyme activity is expressed as moles of the
substrate catalyzed per hour per kilogram of dry
weight tissue (moles/hr/kg dry wt.). Each figure
is the mean of five determinations.
Structures
6-PGDH
Rhesus St1a!P
0.47
1.8
0.79
0.38
0.35
0.35
1.9
1.2 0.40
0.09 0.02
0.38
0.62
0.52
0.51
0.56
0.01
0.002
0.42
0.37
0.35
0.13
0.61
1.1
0.57
1.0
0.02
0.01
0.59
1.2
0.88
0.55
0.004
2.5
3.3
1.8
0.04
0.40
1.1
0.73
0.25
0.00
0.61
0.54
0.56
0.32
0.00 0.01 0.00
2.3 1.2 1.6
3.3 1.2 1.5
1.6 0.65 0.61
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